This study investigates the microstructures, geochemistry, and hydrothermal evolution of gold-bearing pyrite and arsenopyrite from six orogenic gold deposits in the Archean Eastern Goldfields Province, Western Australia. Scanning electron microscope (SEM), electron microprobe (EMP) and laser ablation-inductively coupled plasma-mass spectroscopy (LA-ICP-MS) analyses show that the gold-bearing minerals possess a number of similar textural features, including the occurrence of invisible gold within initial phases of growth, and later-stage visible gold associated with alteration rims. The alteration rims are characterized by a higher-thanaverage atomic mass (mainly owing to arsenic enrichment) and are preferentially located along fractures and grain boundaries in the pyrite and arsenopyrite. These observations suggest that visible gold formation is associated with hydrothermal alteration of preexisting pyrite and arsenopyrite. Textural observations and LA-ICP-MS data suggest that some invisible gold was remobilized from early-formed pyrite and arsenopyrite to form visible gold during development of these alteration rims. Gold may also have been added by hydrothermal fluids during a later stage of mineralization. In situ geochemistry and phase relationships of alteration rims are used to further constrain the hydrothermal process responsible for formation of alteration rims and visible gold in fractures. Based on sulfide stability relations, our data indicate that development of arsenopyrite alteration rims associated with late-stage visible gold formation was related to an increase in temperature (maximum increase from 310º to 415ºC) and up to of sic orders of magnitude increase in sulfur fugacity, whereas changes in oxygen fugacity were less important. LA-ICP-MS analyses show that the relative and absolute variations in selected trace element (Au, Ag, Sb, Bi, Ba, Te, Pb, Co, and Mo) concentrations can also be used to distinguish between unaltered and altered pyrite and arsenopyrite. In general, trace elements within pyrite and arsenopyrite have a relatively uniform distribution, whereas later-stage alteration rims have more variable trace element distributions. Although the observed textures are typical of prograde metamorphic coronae, we suggest that they are the consequence of variations in fluid conditions and chemistry, and that mineralization occurred in response to syn-and/or postpeak metamorphic fluid infiltration.
Introduction
GOLD IS commonly associated with sulfide and sulfarsenide minerals within many hypogene ore systems, including sediment-hosted disseminated gold, or Carlin-type (e.g., Bakken et al., 1989; Arehart et al., 1993; Palenik et al., 2004) , orogenic (e.g., Mumin et al., 1994; Genkin et al., 1998; Ashley et al., 2000) , epithermal (e.g., Griffin et al., 1991) and intrusionrelated systems (e.g., Lang and Baker, 2001; Marsh et al., 2003) . Past studies have assessed the nature, chemical state, and distribution of gold relative to these sulfarsenides (see Cabri et al., 2000 , for a review). However, the physiochemical controls on gold mineralization are still emerging, with fluid temperature, pH, and oxidation or sulfidation state all playing important roles (e.g., Heinrich and Eadington, 1986; Cathelineau et al., 1989; Mikucki and Ridley, 1993) .
The concentration and distribution of gold in sulfide and sulfarsenide phases vary considerably, ranging from tens of ppb to more than 1 wt percent (Cabri et al., 1989 Cathelineau et al., 1989 ) and occurring as invisible or visible phases that were deposited or remobilized by multistage hydrothermal or metamorphic events (e.g., Neumayr et al., 1993; Oberthür et al., 1997; Genkin et al., 1998; Tomkins and Mavrogenes, 2001) . Invisible gold can occur in solid solution within the host crystal lattice or exist as <1 µm, submicroscopic particles (Cabri et al., 1989; Genkin et al., 1998; Palenik et al., 2004) . The chemical state of gold in solid solution is complex, with studies suggesting an oxidation state of Au 3+ (e.g., Arehart et al., 1993) or a combination of Au 0 and Au 1+ (e.g., Simon et al., 1999) . Arsenopyrite grains also can host Au 0 and Au 1+ (Cabri et al., 2000) . A number of studies show that Au in solid solution exchanges for Fe sites within arsenopyrite and pyrite (Wu and Delbove, 1989; Fleet and Mumin, 1997; Tarnocai et al., 1997) . Oscillatory-zoned arsenic-rich growth bands in pyrite also typically correlate with elevated gold concentrations (e.g., Fleet et al., 1989; Fleet and Mumin, 1997) , where growth bands enriched in As and depleted in Fe carry higher concentrations of gold (Genkin et al., 1998; Johan et al., 1989) . In orogenic systems, gold commonly has a bimodal distribution in which invisible gold within arsenopyrite is overprinted by later visible gold (Coleman, 1957; Mumin et al., 1994; Oberthür et al., 1997; Genkin et al., 1998) . This study examines the textures, mineralogy, and overprinting relationships of composite gold-bearing pyrite and arsenopyrite grains to further define their characteristics. Moreover, by using multiple microbeam analytical techniques and phase stability diagrams to understand the different major-and trace-element compositions of arsenopyrite, we further constrain processes associated with the formation of this common ore type.
Geologic Setting
Samples of gold mineralization were collected from the Boorara shear zone and the Bardoc tectonic zone, which are broad (>5 km wide in map view), crustal-scale shear systems within the Eastern Goldfields Province of the Archean Yilgarn craton (Witt, 1993; Swager, 1997;  Eastern Goldfields Province, showing major shear systems and gold deposits. C) Geology map of part of the Eastern Goldfields Province, showing the distribution of supracrustal units, granitoids, major shear systems and localities related to this study. Modified after Hagemann and Cassidy (2000) , Swager and Griffin (1990) .
Goldfields Province hosts a number of world-class gold deposits that are distributed along major fault systems and their subordinate structures (e.g., Groves et al., 1984; Eisenlohr et al., 1989; Fig. 1B) . This region has a geologic history spanning ca. 2710 to 2600 Ma (e.g., Swager, 1997) , beginning with the formation of mafic, ultramafic, and volcanogenic sedimentary rock sequences and followed by multiple stages of ductilebrittle deformation, metamorphism, and widespread granitic intrusion (Champion and Sheraton, 1997; Swager, 1997) . This deformation produced the major north-northwest-trending shear systems preserved today, and orogenic gold mineralization occurred late within the tectonothermal history of the Eastern Goldfields Province, generally constrained between ca. 2655 and 2625 Ma (Groves et al., 2000; Brown et al., 2002; Salier et al., 2005) .
Mineralized samples were selected from one gold deposit within the Boorara shear zone (Golden Ridge, Fig. 1C ) and from four deposits and one prospect within Bardoc tectonic zone (Paddington Talbot South, Nerring Nerrin, New Boddington, and Yunndaga). All mineralized rocks from the Bardoc tectonic zone are hosted within mafic extrusive or intrusive units, whereas the host unit for the Golden Ridge deposit is a felsic porphyry. All samples studied were taken from arsenopyrite-and/or pyrite-rich wall-rock alteration halos directly adjacent to quartz-carbonate veins, as this is where the highest gold grades occur. The predominance of wallrock-hosted gold indicates that the ore formation was a product of wall-rock reaction rather than precipitation in veins, a feature that is typical of orogenic deposits within the Eastern Goldfields Province (e.g., Mikucki, 1998) . A summary the characteristics of the gold deposits is given in Table 1 .
The Golden Ridge deposit is the largest known gold mine within the Boorara shear zone (Fig. 1C) , with a production of approximately 8 t of gold from 1904 to 2003. Gold mineralization dominantly occurs in hydrothermally altered rocks adjacent to planar quartz-carbonate-plagioclase veins that are generally <1 m thick and hosted within an intensely veined and altered felsic porphyry unit ( Fig. 2A) . Within 1 m of the vein margin, wall-rock alteration is characterized by quartz, carbonate, muscovite, chlorite, anorthite, sulfide, and ilmenite. The sulfur-bearing phases are dominated by arsenopyrite, followed by pyrite, sphalerite, and chalcopyrite.
Analytical Methods
Optical and SEM imagery were used to define ore textures, and EMP and LA-ICP-MS were used for the qualitative and quantitative characterization of gold-bearing pyrite and arsenopyrite grains. A Jeol TM JSM 6300 SEM at the University of Ballarat was used, with a 15 kV and 1.5 nA electron beam. Backscattered electron images (BSE) and energy dispersive X-ray spectroscopy (EDS) data were acquired using an Oxford Instruments four element quadrant detector. The EMP data were acquired using a Cameca SX50 Electron Microprobe with four vertical wavelength dispersive spectrometers at the School of Earth Sciences, University of Melbourne. The accelerating voltage for the EMP was 15 kV with a beam current of 35 or 25 nA. Elements analyzed were S, Fe, As, Sb, Te, and W. For these elements, the counting time was 20 s and the average detection limit is 0.06 at. percent.
A New Wave OP213 laser probe and HP4500 quadrupole ICP-MS from the Centre of Ore Deposit Research, University of Tasmania, Hobart, was used for major and trace element analysis of gold-bearing pyrite and arsenopyrite. This LA-ICP-MS was used for both quantitative spot (Table 2; Fig. 2 ) and qualitative line scan analyses. Qualitative analyses consisted of a 30 s background run and a 60 s analysis time, with data only above detection limits presented. The precision and detection limits for the quantitative spot analyses are shown in Table 2 . Ablation spot sizes were 30 µm at a frequency of 10 Hertz and 6.5 J/cm 2 . Calibration techniques for the spot analyses follow Norman et al. (2003) and Danyushevsky et al. (2003 Danyushevsky et al. ( , 2004 , using standard reference material (STDGL2b-2). Iron concentrations in an internal standard were determined through EMP analyses. There is currently no widely available standard reference material suitable for the analyses of trace elements within sulfide minerals using the LA-ICP-MS (e.g., Sylvester Table 2 for data used within the plot. et al., 2005) . This study focuses on the relative changes in major and trace elements within arsenopyrite and pyrite and not their absolute values. For the STDGL2b-2 reference material, the standard deviation for most elements is <6 percent and platinum group elements and Au have a standard deviation of ~15 percent (Danyushevsky et al., 2003) . For qualitative LA-ICP-MS line scans, the line width was 25 µm, the frequency 10 Hertz and total analysis times ranged from 2.5 to 3.5 minutes.
Results from SEM, EMP, and LA-ICP-MS Analyses

Gold in pyrite
The samples from Golden Ridge are dominated by pyrite and were collected from diamond drill core intersections (~5 ppm Au) in wall rock adjacent to quartz-carbonate veins (Fig.  2B) . The gold-bearing pyrite grains (Fig. 2B ) are pervasively fractured, have irregular grain boundaries, and BSE images show that the bulk of the pyrite grains are relatively uniform in composition. Parallel to the fractures and grain boundaries, however, narrow composite rims within pyrite are characterized by a higher than average atomic mass ( Fig. 2C-E ). These rims vary in their dimensions but are in general up to 250 µm in thickness from grain boundaries and fracture margins. As shown in Figure 2C and D, the rims define zones where selective chemical modification of the preexisting pyrite parallel to fracture-grain boundaries has taken place. This grain boundary-fracture association suggests an external influence, and given the lack of other mineral phases containing As and S, introduction of a late hydrothermal fluid is thought to be responsible. This fluid would have penetrated along grain boundaries, possibly promoting fracturing and facilitating reaction progress. The resulting pyrite rims are thus considered to be alteration rims. Visible gold grains are only observed within these alteration rims, and along margins between altered and unaltered pyrite (Fig. 2D, E) .
Electron microprobe data indicate that As concentrations are less than 1 at percent in unaltered pyrite (Table 3) , and altered rims are marginally enriched in As by approximately 0.01 at percent. These low As contents are typical of pyrite in Yilgarn gold deposits (Dahl et al., 1987) . Sulfur concentrations within rims are enriched, and Fe concentrations are depleted by ~0.1 at percent. Trace elements in unaltered pyrite (e.g., Sb, Te, W) also do not vary significantly, with relatively less Sb and Te in the altered rims and negligible variation in W (Table 3) .
In contrast to the EMP data, the LA-ICP-MS results ( Fig.  2D , E; Table 2 ) highlight systematic variations between unaltered bulk pyrite and altered rims, particularly for Au, Ag, Sb, Bi, Ba, Te, Pb, and Sn. The LA-ICP-MS data also show that As concentrations do not vary significantly between unaltered pyrite and alteration rims, invisible Au and Ag (up to 5.94 and 24.47 ppm, respectively; Table 2 ) exist within the unaltered pyrite, and concentrations of trace elements within the unaltered pyrite domains are more uniform than in the alteration rims. Elevated (<2,277 ppm), albeit highly variable, Au and Ag concentrations within the alteration rims contribute to their increased average atomic mass as determined by BSE images (Fig. 2C, D) . All other trace elements are less abundant in the pyrite alteration rims.
Gold in arsenopyrite
Gold in arsenopyrite was examined in samples from the Paddington, Talbot South, New Boddington, and Yunndaga gold deposits and the Nerrin Nerrin gold prospect ( Fig. 1C Representative images of arsenopyrite-dominated ore samples from the Bardoc tectonic zone. A) Brecciated gabbro from the Talbot South deposit, showing quartz-carbonate vein infill and arsenopyrite-and pyrite-bearing wall-rock fragments. B) Ductile laminated vein from the Yunndaga deposit, showing boudinaged quartz-carbonate veins hosted within arsenopyrite-dominated alteration wall-rock selvages. C) Transmitted light photomicrograph of a wall-rock alteration assemblage adjacent to a ladder vein, Paddington deposit. Shown are carbonate, quartz, muscovite and opaque arsenopyrite alteration minerals. Cross-polarized light. D) Transmitted light photomicrograph of a wall-rock alteration assemblage from the New Boddington deposit; similar to C; however, biotite and chlorite are also present within the alteration assemblage. Plane-polarized light. E) Photomicrograph from the Talbot South deposit showing overprinting relationships of opaque minerals within the mineralized alteration assemblage. Arsenopyrite has been hydrothermally embayed and consequently overprinted by pyrite, chalcopyrite, and ilmenite. F) Reflected light photomicrograph of a gold-bearing arsenopyrite grain from New Boddington, showing visible gold associated with fractures and ilmenite filling cavities within arsenopyrite. Apy = arsenopyrite, Bt = biotite, Carb = carbonate, Ccp = chalcopyrite, Chl = chlorite, Ilm = ilmenite, Ms = muscovite, Py = pyrite, Qtz = quartz. pyrite, base metal sulfides, ilmenite, and visible gold grains (summarized in Fig. 4 , with textural evidence provided in Fig.  3E, F) . This consistent, three-stage alteration history is found over a strike length of 80 km, suggesting that close to uniform mineralization conditions occurred throughout the whole Bardoc tectonic zone (Morey et al., 2007b) .
BSE images reveal that gold-bearing arsenopyrite grains also have intragranular compositional zones related to a dynamic alteration history. The arsenopyrite grains are products of hydrothermal alteration showing, in some cases, primary crystallographic zoning (e.g., Fig. 5A-C by higher average atomic mass rims or zones (Fig. 5B-F) . As noted above, the observation that these enriched zones occur adjacent to fractures and grain boundaries suggests that they most likely represent a hydrothermal alteration event that took place during fracturing of arsenopyrite. As in the pyritedominated ore from Golden Ridge, the formation of visible gold (Fig. 5A-E) is thought to be related to this fracturing and alteration. Pyrite, base metal sulfides, Fe oxides, ± pyrrhotite are also associated with this later-stage hydrothermal event (Figs. 3E-F, 5A ). The visible gold grains occur as inclusions within stage 3 pyrite, as solitary grains in fractures and at grain boundaries in arsenopyrite or within stage 3 arsenopyrite alteration rims (Fig. 5) .
The EMP analyses (Tables 4, 5) show that unaltered and altered arsenopyrite grains from the Bardoc tectonic zone have As concentrations that range between 28.9 and 33.2 at percent, with corresponding variations in S content (33.3-37.4 at % S; pyrite analyses in Table 6 ). Concentrations of Fe, however, remain relatively uniform (33.5 to 34.0 at %). As has been noted in experimental studies (Kretschmar and Scott, 1976; Sharp et al., 1985) , this antithetic correlation suggests that As and S represents a coupled substitution within arsenopyrite in response to changing conditions. Alteration rims on arsenopyrite are characterized by higher average atomic mass (Fig. 5B-F) with, on average, 1.5 at percent more As and 1.5 at percent less S (Tables 4 and 5 ) compared to relatively unaltered arsenopyrite grains. These data indicate that hydrothermal activity associated with alteration rims and visible gold formation enriched the arsenopyrite in arsenic and depleted it in sulfur.
Element maps of arsenopyrite from Yunndaga support the EMP analyses. Alteration rims identified in BSE images (Fig.  6A ) are characterized by enrichment in As and depletion in S (Fig. 6B, C) , but no detectible variations in Fe are observed within the corresponding Fe element map (Fig. 6D) . Other studies have reported that invisible gold in arsenopyrite substitutes either inversely or directly with As (Sb), S, and Fe (Cathelineau et al., 1989; Johan et al., 1989; Wu and Delbove, 1989; Fleet and Mumin, 1997) . However, EMP and SEM data on samples from the Bardoc tectonic zone suggest that, in these examples, only As (Sb) and S substitution occurs, and Fe concentrations remain relatively uniform during arsenopyrite alteration.
LA-ICP-MS line scans of arsenopyrite
Quantitative LA-ICP-MS spot analyses on arsenopyrite cores and alteration rims, in contrast to similar analyses on pyrite, did not show any significant differences in trace element concentrations, or the data were erroneous or imprecise. However, qualitative variations in trace elements across composite arsenopyrite zones are apparent in LA-ICP-MS line scans. In arsenopyrite from Nerrin Nerrin, primary crystallographic growth bands (Fig. 7A-B) with relatively low atomic mass coincide with Au peaks, whereas growth bands with relatively high atomic mass correspond with peaks in Bi and Pb. Cobalt and Sb show less consistent variations but suggest a slight decrease in these elements coincident with Au peaks (see point 2, Fig. 7B ). It is likely the major elements within arsenopyrite (Fe and As) also vary across each growth zone (Cathelineau et al., 1989) , however, this variation is not easily detectible in qualitative LA-ICP-MS traverses.
In an arsenopyrite grain from the New Boddington ore sample (Fig. 7C, D) relatively higher average atomic mass in a zone bordered by a microfracture is interpreted to have undergone postcrystallization hydrothermal alteration. A qualitative line scan across this zone (Fig. 7C, D) indicates concentrations of invisible gold above the detection limit within the primary portion of the arsenopyrite but concentrations below detection within the more altered part of the same grain. From the altered to unaltered arsenopyrite domain, the Ni and Sb traces appear to decrease, whereas the Co trace increases. These observations support quantitative spot analyses, where invisible gold is more abundant within preserved arsenopyrite domains, and visible gold is associated with laterstage overgrowth zones.
An anhedral arsenopyrite grain from the Yunndaga gold deposit (Fig. 7E ) also has a higher average atomic mass zone between Au and trace amounts of Pb, Bi, and, to a lesser extent, with Sb (Fig. 7E, F) . Collectively, the SEM, EMP, LA-ICP-MS, and EDS data confirm textural observations that indicate a complex hydrothermal alteration history; invisible gold formed within early low-As arsenopyrite and visible gold formed during later-stage hydrothermal alteration related to the formation of alteration rims and As enrichment.
Discussion
Gold-bearing pyrite and arsenopyrite from five orogenic gold deposits and one prospect within the linked Boorara and Bardoc shear systems (Fig. 1C) exhibit similar paragenetic relationships and gold distribution characteristics. Invisible gold occurs within initial growth zones, and visible gold is associated with later-stage fractures and alteration rims on pyritearsenopyrite grains. This is typical of many other pyrite-and arsenopyrite-dominated orogenic ores (e.g., Mumin et al., 1994; Oberthür et al., 1997; Genkin et al., 1998) . Backscattered electron images (Figs. 2D, 5C , and 8A, B) further illustrate that late-stage visible gold is associated with chemically modified zones within pyrite and arsenopyrite.
Broadly similar features have been observed in sedimenthosted disseminated (Carlin style) pyrite ores (Arehart et al., 1993; Palenik et al., 2004) , within pyrite from an epithermal Ag-Au deposit (Griffin et al., 1991) , within arsenopyrite from the Boliden volcanogenic massive sulfide deposit in Sweden (Wagner et al., 2007) , in the Campbell mine, Ontario, Canada (Tarnocai et al., 1997) , and within pyrite from the Gressli ZnCu deposit in Norway (Craig et al., 1998) . Arehart et al. (1993) speculated that temperature decrease, reduction, pH change or decrease in the activity of H 2 S could drive As and Au enrichment in pyrite, and possibly also arsenopyrite, whereas Palenik et al. (2004) reported that Auº particles in As-rich pyrite overgrowths either could be primary or secondary in origin. Griffin et al. (1991) interpreted pyrite overgrowths in an epithermal system to be a product of changes in pH and activity of S within the hydrothermal fluids, driven by rapid pressure fluctuations due to cyclic boiling, or even chaotic submicroscopic variations in fluid composition within the epithermal environment.
A characteristic feature of alteration rims, as determined through quantitative and qualitative LA-ICP-MS analyses, is the trace element variations. In the sample from Golden Ridge ( Fig. 2; Table 2 ), the most striking difference between unaltered and altered pyrite is that select trace elements (Sb, Bi, Ba, Te, Pb, and Sn) are depleted within altered pyrite, and the unaltered parts of the pyrite grains have a more uniform trace element distribution than adjacent alteration rims (Fig.  2E) . Arsenopyrite shows more complex variations. Unaltered crystallographic zones in stage 2 arsenopyrite contain variable Au, Pb, Bi, and, to a lesser extent, Co (Fig. 7A, B) . In comparison to stage 3 altered rims, unaltered stage 2 arsenopyrite contains more Au and Co and less Mo, Bi, and Sb (Fig. 7C-F) . Thus, hydrothermal alteration of pyrite and arsenopyrite not only affects the distribution of Au but also depletes or enriches other trace elements within the sulfide grains.
Gold remobilization
The deposition of invisible gold, followed by the later formation of visible gold, is schematically portrayed in Figure 8 .
Given that initial pyrite and arsenopyrite grains are characterized by uniform invisible gold distributions (Figs. 2, 7) , and that alteration rims (which replaced initial growth phases and are not overgrowths sensu stricto) are depleted in invisible gold, it appears that early invisible gold exsolved and was then remobilized to form at least part of the later-stage visible gold (cf. Mumin et al., 1994; Laroque et al., 1995) . The formation of visible gold by hydrothermal alteration of arsenopyrite may provide insights into the formation of orogenic deposits, although the influx of gold during later alteration cannot be discounted. Similar textures are observed in the amphibolite-to granulite-hosted Mt. York, Griffin's Find, and Challenger gold deposits in Australia (Neumayr et al., 1993; Tomkins and Mavrogenes, 2001, 2002) , where visible gold was developed at metamorphic growth fronts where arsenopyrite replaced löellingite containing invisible gold.
Stable sulfur isotope and mineralogical data suggest that hydrothermal conditions leading up to and during all stages of gold mineralization were uniformly reduced (Morey et al., 2007b) . Overall, reduced conditions are further supported by the ore assemblages for mafic-hosted deposits within the Bardoc tectonic zone (Table 1; of oxidizing hydrothermal conditions (e.g., hematite, sulfates) were observed. Therefore, the alteration of arsenopyrite and formation of visible gold did not occur through oxidation of the preexisting arsenopyrite and gold species. Various authors (Wagner et al., 1986; Cathelineau et al., 1989; Aylemore and Graham, 1992) have suggested that the solubility of gold in arsenopyrite decreases with increasing temperature, because gold is exsolved from the matrix of arsenopyrite upon heating, forming native gold. This reduction in gold solubility is consistent with the observations of Wagner et al. (2007) . These researchers found that in the metamorphosed Boliden VMS deposit, early-formed fine-grained arsenopyrite contains high concentrations of invisible gold, whereas coarse-grained recrystallized and remobilized arsenopyrite, formed near peak metamorphism (~400º-450ºC, 5 kbars; Wagner and Jonsson, 2001) , contains significantly less invisible gold. Similarly, Tomkins and Mavrogenes (2001) showed, through LA-ICP-MS analysis, that high temperature arsenopyrite, formed through retrograde metamorphism of invisible gold-bearing löllingite under amphibolite facies experimental conditions, contains low concentrations of invisible gold. It is unknown whether an increase in sulfur fugacity (f S 2 ) alone can cause exsolution of invisible gold from arsenopyrite.
Hydrothermal alteration of arsenopyrite
The conditions of arsenopyrite alteration can be determined from phase relationships (Clark, 1960; Barton, 1969; Kretschmar and Scott, 1976; Sharp et al., 1985) . For Figure 9 Barton (1969) , Kretschmar and Scott (1976) and Sharp et al. (1985) . Apy = arsenopyrite, Lö = löellingite, Py = pyrite.
to be used as a thermometer, equilibrium conditions between sulfides and sulfarsenides must have been attained, and diffusional reequilibration must not have taken place. The observation that the oscillatory zoning in arsenopyrite, associated with the initial mineralization event, is preserved indicates that diffusional reequilibration has not affected these domains. Further, the low variability within each deposit of the As and S contents of the arsenopyrite rims suggests that these were in equilibrium with the overprinting hydrothermal event. A paragenetic sequence related to the deposition of invisible and visible gold can be established for all samples studied: pyrrhotite (as inclusions within arsenopyrite) + unaltered arsenopyrite (containing invisible gold) → altered arsenopyrite (arsenic enriched) + pyrite ± pyrrhotite + visible gold.
In Figure 9 , the average arsenic contents of unaltered and altered arsenopyrite are plotted. An overall increase in temperature and sulfur fugacity (f S 2 ) is required for the transition from arsenopyrite + pyrrhotite to arsenopyrite + pyrite ± pyrrhotite. The required temperature increase is on the order of 75º to 100ºC, and the increase in f S 2 may have been up to 6 orders of magnitude (Fig. 9) . These relationships are consistent with the observed gold-arsenopyrite textures and the notion that the solubility of gold in arsenopyrite decreases with increasing temperature. The observed gold-arsenopyrite relationships are best explained by two distinctly separate arsenopyrite-forming events (stage 2 and stage 3 textures), rather than a continuously evolving hydrothermal system, which might be expected to instead preserve gradual changes in mineral chemistry. Furthermore, the higher-temperature event responsible for the pyrite-arsenopyrite rims may have involved only low fluid influx; complete alteration of the arsenopyrite grains is more likely during a pervasive high fluid flux event.
The magnitude of the increase in f S 2 can also be assessed through the enrichment of As and a depletion of S within the arsenopyrite grains (Tables 4, 5, Fig. 6; Cathelineau et al., 1989; Cabri et al., 2000) :
The excess S produced by the formation of alteration rims would also increase the amount of S within the hydrothermal phase and thus raise f S 2 (Fig. 9) . This is consistent with f O 2 versus a ΣS phase relationships typical of subamphibolite facies orogenic systems ( Fig. 10A ; Mikucki and Ridley, 1993 ). The lack of major arsenopyrite dissolution suggests that f O 2 changes likely played a minimal role during arsenopyrite alteration (Heinrich and Eadington, 1986) .
The combined effects of temperature and S activity on gold solubility within the hydrothermal fluid are also assessed in Figure 10B . Phase relationships and the alteration path interpreted from Figure 9 suggest that the stage 3 hydrothermal fluid had a significantly greater capacity to carry gold in solution (increasing from ~10 1 to 10 4 ppb Au: Fig. 10B ). If this secondary hot, S-rich fluid was significantly undersaturated in gold, it would have removed invisible gold as it replaced the arsenopyrite. However, since abundant visible gold is observed to have formed during this stage, this secondary fluid was likely close to saturation and also could have deposited new metal. Mikucki (1998) . Apy = arsenopyrite, Bn = bornite, Cpy = chalcopyrite, Mag = magnetite, Po = pyrrhotite, Py = pyrite, Sd = siderite.
BIMODAL DISTRIBUTION OF GOLD IN PYRITE AND ARSENOPYRITE, YILGARN CRATON, WESTERN AUSTRALIA
As vein and alteration assemblages are synchronous with deformation (Morey et al., 2007a) , the increase in temperature could be an indication that initial arsenopyrite was deposited prior to peak metamorphism. In this scenario, the bulk of the gold would have been deposited invisibly within oscillatory-zoned arsenopyrite under high fluid-flux conditions. Subsequent peak metamorphism would have involved low fluid influx, affecting only the pyrite-arsenopyrite rims, allowing formation of visible gold, possibly via new deposition but largely through exsolution of invisible gold.
However, the dominant alteration mineralogy, which includes chlorite ± biotite (Morey et al., 2007b) , is consistent with synpeak metamorphic fluid infiltration, as biotite would not be stable at conditions significantly below peak metamorphism. Furthermore, in one sample described by Morey et al. (2007b) , chlorite was interpreted to have replaced biotite, suggesting that some alteration may have been postpeak metamorphic in timing. Thus, it is possible that mineralization occurred during or after regional peak metamorphism. This second scenario is consistent with the prevailing interpretation for orogenic gold deposits regionally in the Yilgarn Block (e.g., Groves et al., 1998) , whereby orogenic thickening coupled with erosional denudation causes source regions at depth to undergo prograde metamorphism and devolatilization while midcrustal levels are at peak metamorphism or starting to cool down (cf. Stüwe, 1998) . Pyrite devolatilization at depth (i.e., in the source) generates higher proportions of sulfur in the fluid as the temperature increases (Connolly and Cesare, 1993) , so as the deeper crust dehydrates over time, escaping fluids should become hotter and more S rich. This increasing fluid temperature and f S 2 is consistent with the observed alteration of arsenopyrite. We thus suggest that the observed textures and interpreted f S 2 and temperature increase from stage 2 to stage 3 most likely reflect a two-stage evolution, rather than a difference in metamorphic grade, and that mineralization probably occurred during and/or slightly after peak metamorphism.
Conclusions
Pyrite-and arsenopyrite-dominated ore assemblages from the Boorara and Bardoc shear systems (Fig. 1C) share an association with structurally controlled vein systems, similar alteration mineralogy, and the presence of both invisible and visible gold. Invisible gold occurs within unaltered pyrite and arsenopyrite domains, and visible gold is associated with a later-stage alteration event that produced chemically modified alteration rims on these minerals. These alteration rims preferentially formed along the margins of fractures and grain boundaries within pyrite and arsenopyrite. Solid solution behavior and phase stability relationships for arsenopyrite suggest that the later-stage alteration event was driven by an increase in temperature (T) and f S 2 , whereas f O 2 variations were likely less significant. Alteration rims within pyrite and arsenopyrite are slightly enriched in As and depleted in S, with systematic variations in selected trace elements (Au, Ag, Sb, Ni, Co, Bi, Ba, Pb, Te, Sn, Mo). Apparent prograde metamorphic coronae are observed on arsenopyrite grains, but we suggest that it is more likely that these textures reflect variations in syn-and/or postpeak metamorphic fluid conditions and chemistry at the site of gold deposition.
